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RESEARCH MEMORANDUM 

EFFECTS O F  AIRFOIL PROFILF: ON THE T W O - D I " B I O N A L  

FLUTTER DERIV.A!I'IVES FOR WINGS OSCILLclTING 

IN PITCH AT HlGH SUBSONIC SPEEDS 

By John A. Wyss and James C. Monfort 

Aerodynamic lift and moment f lu t te r  derivatives were determined a t  
high  subsonic speeds f o r  a ser ies  of  two-dimensional a i r fo i l s   vary ing   in  
thickness and thickness  distribution. The wings w e r e  sinusoidally  oscil-  
lated about  the  quarter-chord axis a t  Mach numbers from about 0.5 t o  0.9. 
The corresponding  reduced frequency ranges  varied from 0.045 t o  0.45 
a t  M = 0.5 and  from 0 .a25 t o  0.25 a t  M = 0.9. An evaluation of the 
resul ts   indicated  that  wing prof i le  and angle of a t tack have  major 
e f fec ts  on the   f lut ter   der ivat ives  a t  speeds  exceeding  the Mach number 
for steady-state U t  divergence. I n  general, at  supercr i t ical  Mach 
numbers the  trends  of  the magnitudes af   the   osci l la tory lift coefficients 
were qualitatively  indicated  by the trends of the  nonoscillatory  coeffi- 
cients,  with phase angles, except  for  the  12-percent-thick  airfoil, 
having only moderate deviation from subsonic theory. The var ia t ions   in  
the magnitude of  the moment derivative and i n  i t s  phase angle, resulted 
i n  a trend toward in s t ab i l i t y  at  supercr i t ical  Mach numbers. In  particu- 
lar, f o r   a i r f o i l s  of equal  thickness  the effect of an extreme  forward 
location of maximum thickness was destabi l iz ing  in   that   negat iveaero-  
dynamic  damping existed,  implying  the  possibility of a single degree of 
freedom type of f l u t t e r  . Decreasing airfoi l   th ickness  delayed the  large 
deviation from subsonic  theory to higher Mach numbers. 

This report  i s  concerned  with  the  evaluation of the e f f ec t s  of air- 
f o i l   p r o f i l e  on the lift and moment f lu t te r   der iva t ives  as measured,  by 
means of pressure  cells, on harmonically  vibrating two-dimensior+ wings 
a t  high  subsonic  speeds. It is well-known that  theory does not  account 
properly  for such factors  as flow  separation- and  shock  formation,  hence, 
the   a i rc raf t  designer must of necessity look t o  experimental  values 



whenever  euch  mixed-flow  conditions  are  encountered.  Numerous  previous 
investigations  at  lower  speeds,  such as thoee by Cleveneon and Widmayer 
(ref. 1) and by HalflaEbn (ref. 2), may be  cited.  With  the  uae  of a dif- 
ferent  measuring  technique,  the  present  work-extends  these  previoue 
investigations  to  higher  Mach  numbers 80 that emphasis may be  placed 
upon supercritical  speeds  for  which  information  is  meager or nonexistent, 

Since  wing  profile  may  be  expected  to  have a significant  effect on 
mixed-flow  conditions,  several  models  were  used t o  de-termine  the  effects 
of wing thichess and thicimesa  distributlon on the  flutter  derivativee. 
NACA 6% series  symmetrical  airfoils, 12, 8, an< 4 percent  thick,  were 
used  along with two  .other  8-percent-thick  airfoils with their  maxi- 
thickness  at  about.16 cind 63 percent  of  the  wing  chord.  The  models  were 
oscillated  about  the  quarter-chard axis at Mach  numbers from 0.5 to 0.9 
wfth  reduced  frequency  ranges fYom 0.045 to 0.45 m d  from 0.025 to 0.25, 
respectively.  Reynold8  numbers,  based  on  the  airfoil  chord,  varied 
from 5 to 8 million. 

SYMBOLS 

a velocity of sound  in  undisturbed  sir,  ft/sec 

b :  uing semichord, P t  

." . 

C Z ,  dynamic  sectdon lift coefficient 

Cm ." - dynamic  section  moment  coefficient tibout quarter  point of 
chord 

frequency of oscillation,  cps 

reduced  frequency, - wb 
v 

Mix -oscillatory 
rotation, 

Pa, oscillatory 
upwards 

4 free-stream 

v ,  free -8 tream 

aerodynamic  section  moment on wing about axis of 
posttive with leading  edge up 

aerodynsmic  section l ift  on wing, positive 
.. . 

-ic pressure, ~ b / s q  ft 

velocity,  ft/sec 

i 



NACA RM A54424 3 

a osci l la tory angular displacement  (pitch)  about axis of rota- 
tion,  posittve with leading edge up, radians 

a, mean angle of attack about .which osc i l la t ion  takes place, de,g 

8 phase angle between osci l la tory moment and position a, posi- 
t ive  f o r  moment leading a, deg 

cp phase angle between osci l la tory l i f t  and posit ion a, posi- 

0 circular  frequency, 2xf ,  radians/sec 

t ive  fo r  lift leading a, deg 

121 maguitude  of dynamic lift-curve  slope, 1~~~~~ , per  radian 

magnitude of dynaahic  moment-curve slope, 

131 sin 8 aerodynamic damping cmponent fn phaae w i t h  angular  velocity 

APPARATUS AND BETEOD 

Models and Instrumentation 

The 12; and 8-percent-thick airf 'oils, NACA 65A012, 65-, 2-008, 
and 877AW8 gmfiles, were of wood-rib  and  wood-stressed-skin  construc- 
t i o n   b u i l t  around steel spars at the quarter chord, a i c h  was the   axis  
of rotation. Several wood spars at other chordwise locations were used 
t o  minimize spanwise -sting since  the models were driven from one side. 
The k-percent-thick model,  of NACA 63~004 profi le ,  was machined from 

lower halves of t h i s  model were bolted and doweled together. Each model 
had a chord of 24 inches and a span of 18-1/4 inches. The gaps  between 
the ends of the models and tunnelwauS were sealed with s l iding spring- 
loaded felt  pads or   b rass   s t r ips  which moved with the models. 

L so l id  aluminum with a par t ing   l ine   in  the chord plane. The upper  and 

=An NACA 847AJ3.0 a i r f o i l  was modified t o  a symmetrical  section by 
using  the lower surface  coordinates for both  upper and lower surfaces 
and  then  reducing  the  thickness r a t i o  t o  8 percent. 
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In  figure ly the model prof i les   are  illustrated t o  show the varia- 
t i on  of thickness and thickness  distribution. The reference model, 
NACA 65Aoo8, is marked to  indicate  the  locations of the pressure  cells. 
Model instrumentation  consisted of 15 flush-type  pressure  cells  (see 
refs. 3 and 4) and 13 pressure orifices  along the midspan of each sur- 
face of each model. The pressure  orifices  adjacent  to  each  pressure 
cell were used f o r  two purposes: (1) as a means t o  determine  the time- 
average  chordwise  pressure distribution x i th  the use of a multiple 
mercury manometer, and (2) t o  provide  an  internal  reference  pressure 
f o r  the pressure  cells. Tbe tubes from each c e l l  and f rom the  adjacent 
pressure  orifice were interconnected at the manometer. I n  order that 
the internal  reference -pressure of the pressure ce l l s  would be essen- 
tially steady,  about 50 feet of 1/16-inch  tubing was used from the 
o r i f i c e   t o  the manometer and  back to  the  pressure  cell .  

t 

' Two 14-channel  oscillographs were used t o  record  the  instantaneous 
electrical difference of the  output of each .pair  of c e l l s  (proportional 
t o  the pressure  difference between the  upper and lower  surface a t  each 
chord s ta t ion)  and t o  record  the summatton of all cells  (proportional 
t o  the  variation of the lift force } The output of an NACA slide-wire 
position  transducer,  proportional  to the mo&1 angle of attack, was 
simultaneously recorded. 

c 

Tunnely Model Drive System, and Tests 

, The models were osc i l la ted   in   the  two-dimensional test  sect ion  in  
the Ames 16-foot  high-speed wind tunnel (ref. 5 ) .  The two-dimensional 
channel was about 20 f ee t  long and 16 feet high. A view of a model i n  
place and a diagrammatic sketch of the  drive system are presented  in 
figure 2. The drive rods and sector arm attached t o  the model w e r e  con- 
tained within one of the  channel walls. 

Records were obtained with 'Mach number and mean angle of attack 
constant  for  frequencies from 4 t o  40 cycles  per second a t  intervals of 
4 cycles  per second and for an amplitude of so. D a t a  are presented 
f o r  mean angles of attack of Oo and 2O and f o r  Mach numbers from 0.5 t o  
about 0.9. Sample oscillograph  records which i l l u s t r a t e  the necessity 
f o r  harmonic analysis a t  the higher Mach numbers are  given  in figure 3. 
The lift w8s evaluated by a =-point harmonic analysts of three Consec- 
utive  cycles of the sum trace. The pitching moment w a s  evaluated by a 
12-point harmonic analysis of the individual   cel l   t races   for  one cycle. 

, Since  the  investigation was conducted i n  a closed-throat tunnel, 
the ef fec ts  of wind-tunnel resonance must be  accounted for e i the r  by 
avoiding  conditions  in which tunnel-wall  effects are significant o r  by 
correcting  the results for   the  effects  of  the tunnel walls (refs. 6 
and 7). Calculations made at the Langley and Ames Laboratories employing 
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the  single-doublet-line,  single-control-point  solution  described in ref- 
erence 7 yielded  the  following  results  for a t-innel  height  of 16 feet, 

and 40.66 cycles  per  second,  the  magnitudes of the  coefficients  were 
increased  by 3.8, 5.0, and 4.7 percent,  respectively,  due to the  presence 
of  the  tunnel  walls.  These  results  indicate  that,  for  the  conditions  of 
the  calculations,  the  effect  of  the  tunnel walls was small. However,  for 
mixed-flow  conditions,  the  application  of such corrections  based  on 
potential f l o w  would be questionable;  hence, to minfmize  tunnel-wall 
effects,  all  data  obtained  at  frequencies  within 10 percent  of  the  tun- 
nel resonant  frequency  (refs. 6 and 7 )  have  been  omitted.  Although  the 
use of such a procedure  does  not  mean  tunnel-wall  effects  have  been  com- 
pletely  eliminated  over  the  entire  frequency  range,  it  is  felt  that 
tunnel-wsll  effects  are  not a predominant  factor  in  the  trends  of  the 
data. 

- wing  chord  of 2 feet,  and  Mach  nuuiber  of 0-7: At frequencies  of 10, 20, 

For a discussion  of  other  factors  influencing  the  precision  of  the 
data,  the  reader  is  referred  to  references 3 and 4. 

RESULTS AND DISCUSSION 

0 

A tabulation of the  measured  derivatives  is  contained  in  tables I, 
TI, 111, IVY and V for  the NACA 65~012, 65~008, 63AW4, 2-0&, and 
877A008 airfoils,  respectively.  The  results  concerning  lift  derivatives 
are  first  discussed  and  are  presented  in  figures 4 to 10, followed  by a 
discussion  and  the  presentation  of  the  moment  derivatives  in  figures 11 
to 15. 

Lift 

Experimental  values  for  the  reference  model  for  three  representa- 
tive  Mach  numbers  are  presented in figure 4 as a function  of  reduced 
frequency. In this  figure,  as  in  subsequent  figures,  the  absolute  mag- 
nitude  of  the  flutter  derivative  is  expressed  in  terms  of  the  slope  of 
the  lift  curve  per  radian  and  the  corres-ponding  phase-angle  relationship 
between  the  lift  vector and model  angle of attack  in  degrees.  Theoreti- 
cal  values  at  Ylch  nmibers  of 0.5, 0.6, and 0.7 m y  be  obtained  from  the 
work of Dietze  (refs. 8 and g ) ,  and  at  Mach  numbers of 0.8 and 1.0 from 
blinhinnick  (ref. 10) and  Nelson  and  Berman  (ref. ll), respectively. 

In  this  figure  it may be  noted  that  at 0.49 and 0.79 Wch numbers 
the  flutter  derivatives  tend  to  increase  with  increasing  reduced  fre- 

angle  at l ow values  of  reduced  frequency  at 0.79 Mach  number.  However, 
quency;  furthermore,  there  seems  to be a large  variation in the  phase 
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Mach  number  appears  tu  have  had a greater  effect on the  data  than  did 
frequency  at 0.91 Mach  number. 

Typical  results  as a function  of  Mach  number  are  presented  in  fig- 
ure 5 for  the  reference  model,  the  NACA 6s008 airfoil.  The  lines  show- 
ing  the  theoretical  values  are  identified  at  one  end by the  frequency in 
cycles  per  second  to  which  they  pertain.  S-ince thee-retical values  have 
been  computed in the  cited  references  only  at  certain  Mach  numbers  which 
have  already  been  indicated, an interpolation was necessary  to  obtain 
values  at  intermediate  Mach  numbers.  Although  such an interpolation 
inherently  involves some error, a consistent  set  of  values  was  neverthe- 
less  established snd was used  for the purpose  of  determining  the  effects 
of varying  airfoil ehape. 

To distinguish  between  the  various  frequencies,  the  experimental 
and  theoretical  values  are  each  faired  with  the 8me type  of  line.  For 
example,  the  experimental  and  theoretical  values  for a frequency  of 8 
cycles  per  second  are  each  shown  with a solid Une. hcamination of the 
experfmental data for a frequency  of 8 cycles  per.._second  i-ndicates that' 
the  trends of both  experiment  and  theory  were  the  same at.low Mach  num- 
bers. As Mach  number  increased, a large  decrease  in  the  magnitude  of 
the  experimental  derivative  occurred,  accompgnied by a variation  of 
phase  angle  such  that  the  trend  toward  increasing lag was reversed. 
Although  the  agreement  with  theory was not  precise  at  the  lower  Mach  num- 
bers,  it may be  seen  that  the  general  trends  for  all  frequencies  were 
nearly  the same. 

. ,  . .  . 

The  data  from  figure 5 are  presented  in a different  form  in  fig- 
ure 6; the  exgerimental  magnitude  has  been  divi.ded by the  theoretical - 

magnitude,  and  the  theoretical  phase  angle  has  been  subtracted from the 
experimental  phase  angle.  These  quantities  are  also  shown  as a function 
of  Mach  number. If the  experimental  and  theoretical  values  exactly 
agreed,  the  ratio  of  the  magnitudes of the  deri.v&tJves  would  be 1, while 
the  difference in phase  angle  would  be 0. The  faired  lines  represent 
the  average  deviation from theory  for  the  entire  frequency  range  up to -- 
40 cycles. per second.. 

- . . . "  -. . . . .  -.  ...- 

a 

It  is of interest  to  note that the  individual  points  do  not  indicate 
- 

an entirely  random  scatter  about  the  mean  line  for  the  various  frequen- 
cies.  For  example,  examination of the  points for  40 cycles  per  second 
in  the  top  portion  of  the  figure  shows  that  these  points  are  usually  the 
uppermost  value  at  each  Mach  number.  Eence,  thia...figure  not  only  provide8 
some  indication of the  range of the  experimental  values,  but  illustrate8 
the  fact  that,  although  the  values  depend on frequency,  the  general  varia- 
tions  with  Mach  number  are  represented by the  faired  average  curves. 

The  use  of  the  average  deviation  from  theory  appears  to  be  juetified 
since  it  is  representative of each  model..  For  example,  in  figure 6 it 
may  be  noted  that all the  experimental  points  lie  within a comparatively 



narrow  band  along  the  faired  curves  with  the  exception  of  the  higher 
frequencies  in  the  upper  portion  of  the  figure. In fact, a band of 
width kO.15 in  the  upper  portion  of  the  figure and a band  of  width ELOo 
in  the  lower  portion of the  figure  would  contain  about 80 percent  of all 
the  experimental  points.  These  results  are  typical  of  all  the  models. 
It  might  be  noted.that  the  averaging  process  used  has  the  effect of 
removing  frequency as a parameter. It should be noted  that  each  model 
was oscillated  at  the  aame  amplitude  and  through  the  same  range  of  fre- 
quencies,  hence  the  average  deviation  from  theory  indicates  the  over-all 
effects  of  airfoil  shape  and  the  general  trends of the data. 

Effect of thickness  distribution.-  The  effects of the  variation  of 
thiclmess  distribution  as  indicated by the  curves  showing the average 
deviation  from  theory  over  the  frequency  range  tested  are  summarized  in 
figure 7 for  mean  angles  of  attack  of Oo and 2O. It  would  appear from 
this  figure  that  the  main  effect of the  chordwise  location of maximum 
thickness  was  on  the  magnitudes  of  the  derivatives  rather  than on phase 
angles,  although no' systematic  trend  is  apparent. 

Effect of thickness.-  The  results  showing  the  effects of wing 
thickness  are p z n t e d  in figure 8. At an angle  of  attack  of Oo, wing 
thickness  appears  to  have  had a much  more  pronounced  effect than wing- 

be  expected,  the  primary  effect  of  reducing wing  thickness was to  delay 
any large  deviation  from  theory  to a higher  Mach  nuniber. 

. thickness  distribution  (fig. 8(a) as  compared  to  fig. 7(a)). As might 

- 
At an angle of attack of 2' (fig.  8(b)),  large  differences  over  the 

entire  range of Mach  nuuibers  occurred  between  the  models in the magni- 
tudes  of  the  derivatives. 

Comparison  with  steady-state  results.- In order to examine  whether 
any  relation  existed  between  unsteady and steady-state  results, a com- 
parison  with  steady-state  result8  obtained  from  the  time-average  chord- 
wise  pressure  distributions  for  mean  angles  of  attack  of Oo and 2' is 
made  in  figures 9 and 10. I n  these  figures,  the  steady-state  data  have 
been  normalized  with  the  Prandtl-Glauert  value  of  the  theoretical  lift- 
curve  slope. It may be  recalled  that  the  Prandtl-Glauert  curve  is  also 
obtained as an end  condition  as  the  frequency  of  oscillation  approaches 
zero. 

Examination  of  these  figures  indicates  that  although  there  appears 
to  be some parallelism  or  similarity  between  the  steady  and  unsteady 
curves,  the  comparison  between  the  steady  and  unsteady  values  is  at  best 
only  qualitative.  For example, in neither  figure 9 nor  figure 10 do the 
unsteady  and  steady-state  curves  coincide  throughout  the  entire  range of 
Mach  numbers.  It  should  also  be  noted  that,  with  the  exception  of  the 

unsteady  values  approached  theory  more  closely  than  did  the  steady-state 
. NACA 65A012 airfoil  at a mean  angle of attack  of 2O (fig.  iO(b)),  the 
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values,  particularly  at  the  lower  Mach  numbers,  that  is,  from M = 0.5 
to 0.7. Although  the  effect  of  the  higher  frequencies  in  increasing  the 
level of the  curves  for  the  unsteady  case  may  in  part  account  for  the 
differences  between  the  curves,  this  effect  is mall. However,  the  one 
characteristic  that it3 common to both the  unsteady  and  steady  curve8  in 
almost  every  case  is a trend  toward a reduction  in  magnitude  at  the 
highest  Mach  nunibers.  The  Mach  nuniber  at  which  thia  trend  initiates 
cannot  be  precisely  deL-Lmited,  nevertheless,  for  the  three NACA 65A-series 
airfoils  at a mean  angle of attack of 0' (fig. 10( a) 1, the  unsteady  lift 
trend  appears  to  be  assuciated uf th  the  eteadpsta$e flow changes  which 
occur  above  the  Mach  number f o r  lift  divergence. 

It would  therefore  appear that a6 a first  approximation  the  Mach 
number  for  lift  divergence may be  taken as a criterion  for  the  onset of 
significant  changes in the  trends of the  unsteady  values,  and  that  this 
trend  toward a decrease  in  the  magnitude  of  the  unsteady  values  is 
related  to  the  trend  of  the  steady-state  data.  It  should be pointed out 
that  thia  conclusion  is  not  as  evident  for  the NACA-2-008 and  877A008 
airfoils  (fig. 9 )  and  for  the NACA 65AOO4 airfoil  at a mean angle of 
attack of 2 O  (fig.  10(b)),  since  these  figures  indicate  that  the  correla- 
tion  between  the  Mach  number  for  lift  divergence  and  the  initiation  of a 
downward  trend  of  the  unsteady values fa not  precise and they may differ 
by  as  much as 0.1. However, it is felkthat there is sufficient  evidence 
presented  in  figures 9 and 10 to  indicate  that  steady-state  values may 
prove  useful  as a qualitative  inaicat1oE"of  the trends of the  unsteady- 
state  coefficients  at  supercritical  Mach  nunibers. 

. 

For  the  steady-state  condition  the  phase  angle is, of course, zero; 
therefore no corollary  for  the  phase  angle  with  relation  to  the  oscilla- 
tory  condition is possfble.  However,  except for  the  E-percent-thick 
ying, the  phase  angle  shows  only a moderate  deviation f'rom theory  through- 
out  the  speed  range of the  present  inveatigition. 

Moment 

The  moment  derivatives  for  the  reference m o d e l  as a function  of 
reduced  frequency for several  Mach  numbers  are  presented  in  figure 11 
and  as a function  of h c h  number  in  figure 12. A comparison of these 
figures  indicates  that  even  though  there may have  been a greater  effect 
due to frequency on the  moment  derivatives than had been  the  case. for 
the  lift  derivatives,  from  figure 12 it  appears  that  the  effects of Mach 
number  are  similar  for all frequencies.  Hence,  the  effectd  of  airfoil 
profile  are  again  compared on the  basis  of  the  faired.&erage  curves  in 
figure 12 which  represent  the  average  deviation  from  theory  over  the 
entire  frequency  range. a 
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In  contrast  to  the  lift  results  previously  presented  in  figure 6, 
the  magnitudes of the  moment  derivatives  greatly  exceeded  the  theoretical 
values,  along  with a much  larger  variation of phase  angle as compared 
wtth  theory.  These  results may be  attributed to the  fact  that  the  com- 
parison is between  very small quantities  in  regard  to  the  magnitude of 
the  derivatives,  since  the  moment is taken about  the  quarter-chord a x i s ,  
and  to small~~e~.~ents of the  center  of  pressure  which  would  be  reflected 
in large  changes of phase  angle.  The  general  trends  of  the  results, 
nevertheless,  are  represented by the  faired  average  curves. 

- 

Effect of thickness  distribution.-  The  effects  of  the  variation of 
the  chordwise  location  of maximum thickness  are  shown  in  figure l3. An 
apparent  characteristic  of  the NACA 2-008 airfoil,  with a forward loca- 
tion of maximum  thickness, is.a large  shift toward a lagging phase  angle 
as Mach number increased  above 0.8, such  that  the  phase  angle  lagged 
theory  by 80' and 90' at  angles of attack of Oo and 2O, respectively. 
The  effects of such  lesge  shifts  in  phase  angle  are  discussed  in  rela- 
tion  to  subsequent  figures. 

Effect of wing thickness.-  The  effects of wing thicknese on the 
moment  derivatives m e  shown  in  figure 14. As might  be  elrpected, the 
primary  effect of decreasing wing thickness uas again  to  delay any large 

L variations  to a higher  &ch  nmfber. 

Instability.-  Since  there was such a large  variation  at  the  higher - Mach  numbers  from  the  subsonic  theoretical  values,  it is of basic  impor- 
tance  to  examine  the  damping-moment derimtives directly to determine 
whether  instability, or the  existence of negative  aerodynamic damping 
(Implying the  possibility of a single  degree of freedom type of flutter), 
which is  not  predicted by the  theory,  existed at  these speeds. The 
average  damping-moment  derivatives  for  the  entire  frequency  range  are 
therefore  presented  in  figure 15. Also include& in this  figure  are 
dashed lines indicating  average  values  derived  from  theory for the  corre- 
sponding frequency range. 

The  effect of wing-thtckness  distribution on aerodynamic  damping  is 
shown in figure- 15(a) for each  mean angle of attack.  It may be noted 
that  there was a trend  toward  instability  for  each  model,  with  the 
NACA 2-008 airfoil  becoming  abruptly  unstable  at about 0.6 &ch  number 
at Oo and 2O angles of attack. It would  appear  that  stability  about 
the  quarter-chord ax is  increased  as maximum thickness was moved  toward 
the  trailing edge. 

The  effect of wing thickness on the  aerodynamic  damping  moment is 
shown in figure G(b)  for each angle of attack.  Although  the  trend 
toward  instability.does  not  appear  at Oo angle  of  attack  for  the 

aerodynamlc  damping is clearly  indicated st the 2O mean  angle of attack. 
W A  65.~004 profile,  the  msceptfbility of the  thinner wing to  negative 
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coNcLusIoNs 
a 

Within  the  limitations of speed  range  and  angle-of-attack  variation 
of  the  investigation,  the  following  general  conclusions may be  drawn: 

I. Section  profile  has a major  effect on the  flutter  derivatives 
at speeds  exceeding  the  Mach  number for eteady-state  lift  divergence. 

2. It  appears  that  the  variation  in  angle. of attack has an effect 
as important as the  effect of the  variation in profile. 

3. In general, at supercritical Mmh number8, a qualitative  evalua- 
tion of the  results  indicated  that  the'trends of the  magnitudes of the 
oscillatory  lift  Coefficients  were  indicated by the  trends  of  the  non- 
oscillatory  lift  coefficients,  with  phase  angles,  except for the 
12-percent-thick  model,  showing on ly  a moderate  deviation from theory. 

4. The variations in  the  magnitude of the  moment  derivative and 
in its  phase-  angle,  resulted in a trend toward  instability at supercriti- 
cal Mach  numbers. In particular,  for  airfoils of equal  thickness  the 
effect of an extrem forward location of maxlmum thickness was deetabiliz- 
ing in that  negative  aerodynamic  damping existed, implying the  possibility 
of a single  degree of freedom type of flutter. 

Ames Aeronautical Laboratory 
National  Advisory  Committee  for  Aeronautics 

Moffett  Field,  Calif ., Mar. .24, 1954 
. .   . .  
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TABU I. - PlIEASuRED FLUTTER DERIVATIVES FOR THE NACA 63012 AIRFOIL 
. .  

t- T IIC 

- 1 . 2 1  

;:z 
6.34 
3.46E 
5.09s 

5 * 31s 

5.74: 

9.2% 
5.w 
4.661 
4.449 

3.913 
4.036 

4.2% 

7.9z 
7.39 
6 . m  
9.533 
5.765 
4.362 
5 . 1 ~  
4.932 

8.oBo 
8.454 
7 . w  
6 . w  
5.187 
5.299 
5.018 

8.362 
8.776 

6.137 
7  476 

4.771 
4.588 
5.285 

4.894 

4.780 
4.m 

3.35 
3.597 
4.444 
5.123 

.965 

.641 

;:E: 
::gz 
2.681 

1.733 
2 . 6 8 1  

- 

- 
cp 

359.f 
351.e 

355.: 

33.7 
35-2.s 
351.2 

35s.c 

357.2 
355.d 

349.6 
3S.C 

15.c 
l6.C 

344.4 
339.7 
348.2 
337.3 
346.4 

2.5 

- 

355.2 

0.8 
0.4 

348.1 
339.5 
339.5 
328.9 
356 -2 
355.2 

4.4 

343.9 
337.9 
336.4 
37.1 
351.7 

356.6 
348.9 

342.7 
39.0 

39.6  
8.6 

12.2 

359.9 
G.5 

47 .O 
92.7 

47.4 
59.9 

41.2 
29.0 
33-2 
9.1 
2.4 

- 

a = 20 - 
hl - 

5780 
101.8 
155.9 

101.3 
51.6 

153.2 

Y.6 

103.0 
79 -2 

130.9 
155.9 
LB0.0 
228.5 
256.5 

kg.8 
76.0 

101.6 
E7.3 
153.7 
206.2 
-9.3 
254.4 

51.2 

100.6 
81.2 

205.6 
129.4 

29.7 
256.1 

77.8 
P.2  

u9.3 
103 -9 
180.9 
205.3 
2P-7 

74.7 
50.8 

101.5 
177.3 
200.9 
228.4 
255.4 

30.7 
82.1 
9 .3  

99.7 
153.2 
l81.3 
207.3 
30.4 
253.3 

- 

I- - 
k - 

0.103 . le4 
.2& 

.on 

.lge 

.=9 

.014 

.ll1 

.144 

.183 
218 
-2% 
.320 
.3'A 

.064 .om 

.I30 

.I63 

.197 
264 
-293 
.3W 
.06e 
.w 
.El 
.1% 
.2k7 
.280 
.w 
.w 
. l l 4  
.oe6 
.lk 
.Is9 
. a 6  
. e 5  

.on . O F  

.lo4 

.1& 

.207 

-262 
-235 

.030 

.Oh9 .OB0 - 097 . M  

.176 

.eo1 

.=3 

.a46 

- 

t l" - 
- 1 . 2 1  
" -  " -  " -  
" -  
" -  " -  
0.93 

.59Q 

.* 
1.008 

.595 

.6gS 

.745 

.554 

.e68 

.634 

,675 

.647 

.* 

.242 

.045 

.464 

" -  
" -  
" -  " -  

" -  
" -  
" -  

" -  
" -  
" -  

" -  
" -  " -  
" -  
.619 

.&8 

.en 
1.736 

2.719 
3.117 

2.436 
1.939 

1.223 

1.867 

" -  
" -  
" -  

" -  
" -  
" -  

- 
k Y Y cp 121 - " -  " -  - "  " -  " -  " -  " -  " -  

0.559 

" -  " -  
.i7l 

.739 

1 * 153 

" -  
" -  
" -  " -  - "  " -  " -  " -  " -  " -  

- 698 
.6& 

.m 

.7a2 
1.084 

.597 .6G6 

.6ea 

- "  
" -  
" -  

" -  
" -  " -  

.5$1 

1.126 

.6a6 .a85 

.941 

- 675 

1.316 

1.256 
.879 

1.389 
.7= 

" -  

" -  
" -  
" -  

" -  
" -  
1 .Oh3 " -  
1.364 - 

8 1 - 2 1  - 
6.pO ;;z 
4.987 

5-09 
5.341 

b.&3 

6 - 3 3  
6.262 
9 .95  
5.965 
5.488 
5.213 
4.7& 
5.426 

6.216 
5.833 
5. w 
5.224 
5.055 
4. YE8 
4.2% 
4.99 

6 . W  
6 . W  

5*P 5. 37 

a::," 
4.375 

6.3" 

7.353 
5.981 

6  -628 
5.- 
3 . m  
4.047 

4 .w 4.1% 

4.2& 

4.775 
4.570 
3.654 
4 . m  
4.601 
5.379 

3.497 
2 -751 
3 -032 
2.403 
2.647 

2.122 
3.564 

3.084 
3.944 

3 
0.09 
.og4 
:% 
.238 
.287 
.328 .w 
.048 
-076 . 120 
-1% 
,198 
-233 
.347 
.384 

.044 .066 

.lo1 

.131 

.163 

.I96 

.294 

.E1 

.Ob1 
-060 
.og3 
.I22 

:;??I 
.271 
.299 

.03$ 
-056 .a5 .us 
* 139 
.I98 

:E% 
.279 

,031 
.0$4 .om 
.lo3 
.la1 
. ea  
.261 
.244 

-030 
.Oh9 .080 
.w 
.177 
.149 

.202 

.247 

.225 

354.6 
354.1 

0.0 
5.3 
4.5 
0.0 

12.5 
29.b 

3%. 4 
345.5 
347.7 
354.2 
392.5 
347.7 

9.2 
16.1 

334.5 
349.2 
347.3 

0.4 
348.8 
342.7 
15- 3 
2.0 

3% -2 
348.9 
349.8 
35.9 
346.3 
359.8 

3 s . e  
0.6 

353.8 

343.3 
341.9 
333.5 
353.3 
348.9 
358.7 

0.9 

355.4 
357 - 6 
353.3 
3 5 9  
348.1 
33.4 
13.9. 

347.9 

54 
3* 
345. li 
359 -2 
342.9 
353. s 
351-6 

345.6 
336.5 

356.4 - 

- "  " -  " -  " -  " -  
- "  " -  " -  
341.1 " -  " -  
P?. 8 

297.5 

304.0 

" -  
" -  
" -  " -  " -  " -  " -  " -  " -  " -  
340. s 
333.2 

31S.6 

300.4 

" -  
" -  

292.6 
" -  

340.3 
316.4 

277.1 
" -  
" _  " -  
287.3 

281.6 
" -  

340.8 
306.3 

281.4 

259.2 

2u.g 

" _  
" -  
" _  
350.2 

w . 7  

35.0 
" -  

0.2 

333.5 

301.4 

" -  
" -  
- 



r 
I- 

C 

. 

- k 

1.w 

.la4 

.* 

.280 

.234 

. 4 n  

.p2 

- m 

48.9 
78.2 

lO1.3 
128.5 
353.9 1n.o 
251-3 

49.2 

101.2 
n.0 

127.2 
m . 9  
1T9.5 
231.0 
2%. b 

50.1 
79.4 
lOl.0 
129.3 
l54.b 

2s5.1 

-0.4 

m . 5  
n.2 

329.1 

-.a 

Z:! 
254.9 

32.3 
78.7 
m.9 
L30.2 
m . 4  
205.9 

EZ:P 
47.7 
76.1 
100.7 
204.9 
B7.6 
251.3 

26.7 
49.2 
75.7 ue .9 

L78.8 
205.6 
Z29.0 
29.1 

3 . 5  

79.0 
51.3 kg 

230.5 
!Y. 3 

4 - 6O 

Y 

0.1150 

.59c 

.68c 

.m 

.76l 

.7ss 

.a33 

-819 

k m 

1 
e 
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r a = 00 

Y 
- 
27.1 

73.1 
53.4 

325.7 
9 9 . 5  

153.2 
178.c 
233.5 
260.9 

26.9 
50.0 
75.5 

101.9 
126.1 
153.9 
204.9 
233.5 
273.6 

6 . 6  
9.1 
77.3 

101.9 
126.5 

205.3 
231.3 
260.7 

27.4 
50.2 
75.1 

103.7 
127.6 

203.0 
a3 .7  

233.0 
259.1 

27.5 
50.9 
74.8 
102 .e 
153.4 
178.7 
208.0 
23.4 
248.5 

27.4 
51.1 

128.2 
74.1 

180.6 
205.6 
29.7 
258.2 

1 4 5 3  

155.4 

26.1 

la? .2 
53.2 

E7.b 

- 

9 

355.3 
37J. 1 
377.0 
358.3 

353.5 
8.2 

3S3.0 
373.8 
330.7 

356.1 

- 

351.2 
355.9 
340.4 

346.9 
3 -0 

W . 3  

39.9 
349.7 
347.5 
345.9 
339 .7 
329.0 
3T.6 
346.5 
337.8 

;E 
343.9 
343.5 

343.5 
339.7 

93.2 
3'13.4 
93.1 

353.9 
344.4 
34Q.3 
337.4 
347.2 
356.0 
351.7 
293.2 
9 5 . 4  

347.3 
344.6 
337.4 

341.9 
39.0 

372.4 

33.7.7 
0.6 

93.5 

335.5 
3b4.2 

316.1 
334.7 

- 

T 
k 
- 
0.046 
.egg 
.134 
.1& 
. a 5  

-3w 
267 

.m 

.OW .OB0 .118 

.194 

.I93 

.e% 

.Pas 

.338 .no 
-033 .069 
-133 
.w 
.164 
.I9 
.285 
.321 

-03 
. O S  
.m7 .m 
.a7 
.177 
-235 .2& 
297 

.e .059 

.a3 

.ll4 
-135 
.191 
.218 
.e44 
-275 

.a3 .060 

.086 

.117 

.I39 

.176 
2 0 4  
.228 
-253 

.@6 

.049 

.44 

. IO1 

.142 

.la 

.1go 

238 
212 

.cQ6 

.OW .a . u.7 - 

- 
v 

371.7 
2.6 

8.2 
5.4 

8.1 
l 2 . b  
2.0 

3h1.4 

355.7 
37r. 3 
3599.8 

3S.8  
1.2 

35.1.6 
347.7 

4.1 
2.7 

- 

355.6 

3 5 . 6  
3P.9  

5-6 
356.4 
339.5 
350.1 
3P.7 

353.9 
3P.7 
353.2 
378.4 
399.1 
3 9  -8 
39.9 
333.4 
333.0 

3F.9 
347.4 
3w.7 
99 .1  
346.1 
99.0 
343.7 
339.2 
335.9 

348.5 
346.1 
339.5 
349.2 
96.2 
34s.7 
353 .7 
336.3 
338.2 

3h.7 

W . 6  
E?:: 
342.6 
356.1 3w.s 
340.0 
331.8 

347.7 
P6.0 
PS-6 
336.7 - 

-I 

8.  
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TABU IV.- MEASURED F m  DERIVATnTES FOR THE NACA 2-008 AIRFOIL 
" - 
T 7 cr, - 00 

t - 
k e 

0.040 
.o8r 
. u 3  

193 
- 155 

22.9 
.350 
.390 

,036 
-069 .w 
.134 
.l64 - 197 
.266 
.299 
,329 

.031 

.063 

.(x3 

. E 3  

.151 

.249 
-279 
. 3 a  

.@9 

. O S  

.ill 

.m3 

.140 

.I96 
-227 
-253 
.280 

.cQ8 

.om . O J I  

-109 
.164 
-184 
.2l2 
-239 
.263 

.@7 

. O S  

.076 

.loo 

.I50 - 172 

.200 .E26 

.age 

26.3 
53.9 
75.3 

103 .o 
l28.7 
152.5 
23 -7 
23.6 

27.9 
53.0 
75.5 

103 -9 
127.2 

206.0 
152.4 

231.0 
29.7 

25.6 
9.8 
77.6 
lOe .6 
126.5 
208.7 
234.4 
293.2 

26.1 
51.1 

101.7 
75.5 

127.5 

206.6 
178  5 

255.4 
231.0 

26.8 
52.2 

104.9 
77.6 

159.9 
179 - 5 
206.5 
2 3  -7 
256.1 

27.6 

78.2 
53.1 

103 .o 
15% 3 
177.5 
206.0 
233.3 
259.6 

347.9 
327.2 

309.3 

288.4 

263.9 

p9.3 
33.1 

306.9 

284.1 
275.7 

242.3 

34.0 
95 .8  

3a3.9 

248.6 

" -  
" -  
" -  

" -  
" -  
" -  

" -  
" -  
" -  
253.1 

338.4 
31s. 3 " -  
285.2 " -  
256.9 

246.1 

210.5 
0 . 9  

m . 6  

E7.9 
214.1 

" -  
" -  

233 -0 
" -  
" -  
" -  
1%. 3 
138.2 

139.5 
135-3 

165.4 

157.7 

" -  
" -  
" -  

0 . W  
-093 .UT 
.18l .2% 
-37 
.m 
.465 

.040 .a80 . u 3  

.146 
193 

.231 

.346 

. a 4  

-033 

-098 
.&9 

.134 

.167 

.m 

.299 
-331 

.031 

.e 

.ago 
-122 - lge 
.245 
.m .x% 
.@9 
.O% 
.@3 

.140 

.m 
,2227 
.256 
.2& 

.a28 

.OB .m .m 

. a 5  

.2E 
-239 
-262 

.cg 

. 0 9  

. q 5  

.loo 

.1$8 
,174 
.201 

.248 

.=5 

28.6 
51.: 
100.2 
75.9 

126.2 
l%.a 

257.: 
lal.1 

26.8 
53.9 
75.6 
98.2 

129.6 

2X-9 
155.1 

257.: 

25.9 

76.2 
93.9 

104.1 
130.4 
13 .8  
2 9 - 7  
298.2 

26.0 

15.7 
9 . 5  

W . 9  
103.0 

235.6 
206.7 

258.2 

26.2 

76.4 
S . 8  

104.2 

208.5 
129.1 

235.6 
258.2 

27.1 
Y.4 
76 -9 

104.7 
la1.8 
207.6 
234.2 
257.2 

28.7 
53 -8 
78.5 

104.3 
154.2 
181.6 
209.4 

298.6 
234.4 

358 -2 
355.0 
351.4 
355.5 
3%*2 

1.2 
3-1 

22.5 

32.2 

348.4 
3 .8 

349.6 
32.9 

348.5 
4.8 
1.4 

355.2 

347.1 
39.0 

349.9 
347.1 
345.0 
358.5 
359.5 

358.2 
39.5 
353.5 
349.3 
344.6 

2.6 
358.2 
358.9 

344.7 
342.4 
341.1 
330.8 
343.6 
344.7 
347.3 

353.9 
345.4 
338.8 
97.7 
342.0 
349.8 
349.6 
341.2 

348.2 

343 1 
39.4 
326.0 
96.9 
335.9 
357.0 
346.7 
342.3 
3Y-1 

. 



PUlCA RM A54C24 16 

. 
TABLE V. - MEASURED FLUTIER  DERIVATIVES FOR THE NACA 877AO08 A I R F O I L  

7- 1 r 
P 
I 

.w 

.f96 

.e3 

.745 

.79B 

.m 

-860 

.892 

348.7 - - - 
349.0 - - - 343.h - - - 
3h.6 - - - 
339.5 - - - 
336.3 - - - 

349.8 .7w 
M . 6  ,665 
3 h . 4  - - - 
341.1 .?b3 

354.9 .fa3 
345.9 - - - 
343.6 -90s 

39.1 - -  - 

392.9 .em 
345.6 ,m 
337.9 - - - 
334.3 .763 

348.0 .sw 
357.5 1.177 

E:: 1: 1 
343.6 - - - 

db 
351.9 1.637 
345.8 3.751 
336.9 - - - 
9 5 . 8  L 3 l P  
3ke.3 .w 
338.3 - - - 
33l.7 1-518 
333.b - - - 
334.3 2.m 

f 
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NACA  65A012  

. 

-" NACA 2-008 NACA 6 5 A 0 0 8  NAGA 8 7 7 A 0 0 8  

N A G   6 5 A 0 0 4  

MODEL PRESSURE-CELL LOCATIONS 
[In Percent of Model Chord] 

~ Cell 
number 
upper and 
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Figure 1.- Section profiles  and  pressure-cell  locations of models. 
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(a) Downstream view. 

Figure 2. - V i e w  of t e s t  section w i t h  model 
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